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Abstract
We propose a new procedure for parton-to-hadron fragmentation in proton-proton collisions. The
hadronization is considered in the parton-parton center-of-mass system and hadrons are assumed
to be emitted in the direction of outgoing partons in that frame and then their four-momenta
are transformed to the overall center-of-mass system using relevant Lorentz transformations and
appropriate distributions are constructed. For heavy hadron production the energy-momentum
condition is imposed. In many cases our procedure disagrees with the commonly used rule that
rapidity of produced hadron is the same as rapidity of the parent parton. We illustrate the newly
proposed scheme for production of D mesons, Λc baryon and ηc quarkonium in leading-order ap-
proach to parton production. The transverse momentum, rapidity and Feynman-xF distributions
are shown. We consider c→ D and g → D as well as c→ ηc and g → ηc hadronization processes.
The resulting rapidity distributions are much narrower than those obtained in the traditional ap-
proach with parton-hadron rapidity equivalence. This has consequences both for mid- and forward
rapidities and could have consequences for high-energy neutrino production in the Earth’s atmo-
sphere. We discuss also c → Λ+c and b → Λ+c fragmentation and find that the second mechanism
could be partly responsible for the enhanced production of Λ±c observed recently by the ALICE
collaboration.
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I. INTRODUCTION
The hadronization process and production of a given hadron is often done in terms of the
parton-to-hadron fragmentation functions. In e+e− collisions the whole e+e− CM energy
goes to production of particles. In leading-order the quark and antiquark are emitted back-
to-back. The results are presented as dσ
dxE
, where xE is momentum or energy fraction of the
initial electron/positron. The theoretical aspects of heavy flavour fragmentation functions
in e+e− collisions were discussed e.g. in [1, 2].
In proton-proton collisions rather rapidity and/or transverse momentum distributions of
hadrons of interest are presented. It is usually assumed that rapidity of the hadron is the
same as the rapidity of parent parton. This is a standard procedure for c → D or b → B
hadronization (see e.g. [4]), although small modifications were considered e.g. in [3]. The
standard approach is used e.g. in often used code FONLL [5].
In proton-proton collisions only a small part of initial energy is used in the parton frag-
mentation process. A big part of energy is related to so-called remnant fragmentation where
the underlying physics is somewhat different.
We are particularly interested in production of heavy hadrons, both mesons and baryons.
The D and B meson production are classical examples. As discussed e.g. in [3] the yQ = yH
assumption used commonly in this contex has limitations, especially for forward production
of heavy hadrons. The forward production of D mesons is difficult experimentally epecially
at the LHC because there is no instrumentation in this part of the phase space.
The forward production of D mesons is, however, very important in the context of high-
energy neutrino production in the Earth’s atmosphere. The IceCube collaboration measured
neutrinos with energies Eν ∼ 107 GeV [6]. It was claimed that such neutrinos are extra
terrestial and even extra galactic. However, a big part of such neutrinos could be produced
in the collisions of high-energy cosmic rays in the atmosphere (see e.g. [7, 8] and references
therein). How big is this part is not fully understood in our opinion and may strongly depend
on the model of c → D fragmentation. Forward production of neutrinos at accelerators is
another problem of interest [30] (fixed target mode), [31] (collider mode) in this context.
In the present paper we consider a simple model which takes into account the partonic
subprocess as a basis for the underlying dynamics.
The production of heavy exotic hadrons is a new and interesting topic of growing interest
at the LHC. For example the LHCb collaboration measured production of pseudoscalar
ηc(cc¯) meson [39]. The dominant production mechanism seems to be the color-singlet gluon-
gluon fusion [37, 38] but fragmentation mechanisms are also possible (see e.g.[10]). We shall
discuss this case in more detail in the present paper.
Recently the LHCb collaboration discovered one of the Ξccq baryons containing two charm
quarks [11]. It may be expected that soon their results will be presented as normalized cross
section and normalized distributions in rapidity and transverse momentum. Different mech-
anisms for its production were considered in the literature [12–16], including fragmentation
mechanism(s).
The possible observation of triply charmed Ωccc baryon is currently under discussion
[17–20].
In the present paper we wish to revise the simple model of Q → HQ and g → HQ
fragmentation used so far in a too-simplified way, at least in our opinion.
We consider a general situation of parton to heavy hadron fragmentation.
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We start from heavy quark/antiquark fragmentation
Q→ HQ or Q¯→ HQ , (1.1)
where Q/Q¯ are heavy quark/antiquark and HQ/HQ are hadrons (mesons or baryons) that
contain Q or Q¯.
Interesting examples are:
c → D0, D+, D+s ,
c → Λ+c ,Ξccq,Ωccc ,
c → ηc, χc, J/ψ . (1.2)
The scheme considered in the present paper can be also used for
q → D¯(c¯q) or q¯ → D(cq¯) (1.3)
subleading fragmentation considered e.g. in the context of D± meson production asymmetry
[25] or for
g → D/D¯,Λ±c , ηc, J/ψ,Ωccc/Ω¯ccc (1.4)
considered in the literature [9, 10, 27].
II. PARTON TO HEAVY HADRON FRAGMENTATION IN PROTON-PROTON
COLLISIONS
Here we discuss how to calculate the fragmentation process in the case of production of
very heavy object from much lighter parton (gluon or charm quark/antiquark) fragmenta-
tion.
In the standard fragmentation function approach the meson/baryon transverse momen-
tum ditribution is calculated as:
dσ/dpt,H(pt,H) =
∫
dz D(z) dσ/dpt,Q(pt,Q) , (2.1)
where dσ/dpt,Q is transverse momentum distribution of heavy quark/antiquark and
pt,H = zpt,Q . (2.2)
The cross section is calculated taking into account gluon-gluon fusion gg → QQ¯ or quark-
antiquark annihilation qq¯ → QQ¯. This approach does not include energy-mementum conser-
vation in the parton subsystem which is important in some regions of the phase space. We
shall discuss how to improve the standard fragmentation approach to proton-proton scat-
tering. For illustration we shall concentrate on leading-order collinear approach. We hope
that in future the discussed approach can be extended to higher-orders and kt-factorization
approach.
As an example we consider also production of relatively heavy ηc(cc¯) production in
hadronization. The pp → ηccc¯X process is considered recently in non-relativistic QCD
3
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FIG. 1: The view of the fragmentation in the QQ¯ frame of reference.
approach [35]. For the reaction pp→ ηccc¯X there are three emitted particles and
x1 =
√
p2t,ηc +m
2
ηc√
s
exp(+yηc) +
√
p21t +m
2
c√
s
exp(+y1) +
√
p22t +m
2
c√
s
exp(+y2) ,
x2 =
√
p2t,ηc +m
2
ηc√
s
exp(+y−ηc) +
√
p21t +m
2
c√
s
exp(−y1) +
√
p22t +m
2
c√
s
exp(−y2) . (2.3)
In the fragmentation picture one c or c¯ is not explicit and therefore usually not included in
the evalution of x1 and x2, i.e.
x1 =
pt√
s
exp(+y1) +
pt√
s
exp(+y2) ,
x2 =
pt√
s
exp(−y1) + pt√
s
exp(−y2) . (2.4)
Clearly xreal1 > x
stand
1 and x
real
2 > x
stand
2 . So the standard FF approach overestimates the
cross section for ηc production in c/c¯→ ηc fragmentation.
In the following we discussed how to improve the standard LO collinear-factorization
calculation for heavy hadron production to be used in the full phase space.
Let us describe proposed by us fragmentation procedure.
• First the dσ
dy1dy2dpt
three-dimensional distributions of parton rapidities and transverse
momenta are calculated, i.e. we have full kinematical information about Q(p1 =
(E1, ~p1)) and Q¯(p2 = (E2, ~p2)).
• Then QQ¯ rest frame is found i.e. we can calculate velocity of the QQ¯ system ~βpair in
the overall center-of-mass system.
• The momenta of Q and Q¯ are next transformed to the rest frame of the diparton
system (see Fig.1)
p1 → p1/pair ,
p2 → p2/pair . (2.5)
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The relevant formulae can be found e.g. in Ref.[21]. Then, in this specific system we
have:
E1/pair = E2/pair =
√
sˆ
2
and ~p1/pair = −~p2/pair . (2.6)
This is in full analogy to what is done in the e+e− → QQ¯ collisions in leading order
where Q and Q¯ fly in opposite directions (back-to-back).
• In the following we assume some universal fragmentation function
D(z) = DQ→HQ(z) , (2.7)
e.g. Peterson fragmentation function often used for c→ D or c→ Λ+c fragmentation.
• Then, as for e+e− collisions, two possible prescriptions are used:
(a) ~pHQ/pair = z~pQ/pair ,
(b) EHQ/pair = zEQ/pair and ~pHQ/pair||~pQ/pair .
• Next it is checked whether EHQ >
√
sˆ
2
. If not, such a case (event) is ignored. Obviously
for some QQ¯ kinematical situations the transition Q → HQ is not possible due to to
energy-momentum conservation. In some configurations there is not enough energy
in the partonic system to produce a heavy object. In such a situation independent
parton fragmentation makes no sense. The fragmentation to other hadron (hadrons),
coalescence, recombination or electroweak processes can make place.
• In the last stage four-momenta of HQ in the QQ¯ pair rest frame are transformed to
the overall pp or pp¯ center-of-mass (CM) system
• Finally distributions in rapidity, Feynman-xF and transverse momentum of HQ in the
overall pp CM system are calculated.
The procedure above can, in principle, be used also for g → HQ or q/q¯ → HQ fragmen-
tation which is possible in some specific cases.
To illustrate the main effects of the fragmentation we will intentionally use collinear
approach. In the collinear approach in leading order the differential cross section can be
calculated as
dσ
dy1dy2d2pt
=
1
16πsˆ2
|Mgg→cc¯|2xg(x1, µ2)xg(x2, µ2) . (2.8)
Similar formula applies to the gg → gg (sub)process. The relevant matrix elements are well
known and can be found e.g. in [22]. For massless outgoing partons (gg → gg process) the
associated matrix element squared is divergent. We multiply the divergent matrix element
squared by:
F (pt) =
p4t(
p2t,0 + p
2
t
)2 , (2.9)
as is routinly done e.g. in Pythia [23]. The parton distributions from [24] will be used to
illustrate our results.
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FIG. 2: The g → D KKKS08 fragmentation function [40] for different scales: 3, 4, 5, 10, 20 GeV2
(from bottom to top).
III. SOME EXAMPLES
Here we consider three examples for illustration of the proposed in the present paper
hadronization procedure:
• pp→ D0 ,
• pp→ ηc ,
• pp→ Λ±c .
A. D meson production
The D meson production is the optimal playground for studying the details of the frag-
mentation to heavy meson. Here we consider both c → D0 and g → D0. For the c → D0
the Peterson fragmentation function is usually applied. As described in the section present-
ing the proposed fragmentation procedure two methods are used for c→ D fragmentation:
momentum scaling and energy scaling in the rest frame of the cc¯ pair. The g → D frag-
mentation was discussed e.g. in [40] in the context of e+e− collisions. This fragmentation
function strongly depends on the evolution scale for fragmentation (see Fig.2).
It is natural in our approach to use µ2FF = sˆ/4 in analogy to the e
+e− scattering. The
corresponding fragmentation function vanishes at the threshold. Our choice of the evolution
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FIG. 3: Rapidity (left panel) and transverse momentum (right panel) distributions for D0 meson
for (c → D0) + (c¯ → D¯0) and g → D0 + D¯0 fragmentation for √s = 7 TeV. The fragmentation
probability is included here.
scale seems much more physical than µ2FF = p
2
t often used in the literature. Below we shall
show results of the proposed procedure for both c→ D and g → D fragmentations.
In Fig.3 we present distributions in rapidity of the D0 meson (left panel) and correspond-
ing distribution in meson transverse momentum (right panel). The rapidity distribution
for c → D fragmentation in the momentum scaling (red dashed line) has some enhance-
ment/fluctuation at y ∼ 0 which is a consequence of imposing a simple condition on energy
conservation in the partonic subsystem. It is not the case for energy conservation (green
dash-dotted line). Smooth distributions are obtained both for c → D0 (red dashed line -
momentum scaling, green dash-dotted line energy scaling) and g → D0 (blue solid line).
We obtain a huge contribution from g → D0 but no singularity at pt,D → 0 as in the stan-
dard approach. The huge contribution of g → D0 is a direct consequence of the KKKS08
parametrization. The success of the description of experimental data for D0+D¯0 production
[26, 41] in terms of kt-factorization approach combined with c→ D0 fragmentation suggests
that the normalization of the g → D0 fragmentation may be, in our opinion, overestimated.
The inclusion of such a g → D0 fragmentation into double D0D0 production leads to un-
usually large σeff [42], inconsistent with other results. A combined fit of fragmentation
functions to e+e− and pp data could be useful in this context but this is not the subject of
the present exploratory study.
Now we wish to look at the Feynman-xF distributions of D mesons. Such distributions
are crucial for production of high-energy neutrinos (see discussion in [7]). In our approach
(solid line) there is much bigger shift towards lower xF than in the traditional approach
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FIG. 4: Feynman xF distribution of charm quarks (black solid) and D
0 meson for
√
s = 7 TeV.
The red dashed line is for (c → D0) + (c¯ → D¯0) momentum scaling, the green dash-dotted line is
for (c → D0) + (c¯ → D¯0) energy scaling and the blue solid line is for g → D0 + D¯0. The c → D0
fragmentation probability is included here, also for c or c¯ distributions.
where yH = yQ (dashed line) is assumed. We show distribution for momentum scaling
(dashed line) and energy scaling (dash-dotted line).
The distribution for c-quarks or c¯-antiquarks is much broader than that for D mesons.
The narrowing of the D meson xF -distributions is very important for high-energy neutrino
production [7].
B. ηc production
The production of ηc meson may be even a better example for illustration of our frag-
mentation procedure. In Fig.5 we show transverse momentum distribution of ηc meson from
different mechanisms with the focus on fragmentation contributions. Here we show example
for midrapidities yηc ∈ (-1,+1) relevant for the ALICE experiment. For the charm-to-ηc
fragmentation the transition probability was roughly assumed to reproduce result of matrix
element calculation from [35] in the midrapidity region. Here for the gluon-to-ηc fragmen-
tation an approximate values of Pg→ηc probability and zave are taken from Ref.[10].
In the standard approach distribution in rapidity of charm quarks and mesons is the
same. Within the newly proposed fragmentation scheme it is not so. In Fig.6 we present
rapidity distributions of c quark (solid line) and ηc meson (red dashed and green dash-
dotted line). No Pc→ηc is included here, to illustrate the effect of energy conservation.
The energy avalable in the partonic subsystem not always allow production of massive ηc
8
FIG. 5: Transverse momentum distribution of ηc mesons in p p collisions for
√
s = 7 TeV and
y = (-1,1) for gg → ηc (upper solid), c/c¯ → ηc (red dahed line: momentum scaling, green dash-
dotted: energy scaling) g → ηc fragmentation and g → ηc (blue dash-dotted line). The calculation
for fragmentation mechanism was performed within collinear factorization method using the new
fragmentation method. The GJR08 GDF was used for illustration to calculate charm and gluon
distributions. Here Dg→ηc = δ(z − 0.2) and Pg→ηc = 10−5 were used for illustration.
quarkonium, which leads to a sizable reduction of the cross section compared to the partonic
cross section. The reduction for the energy scaling (dashed line) is larger than the reduction
for the momentum scaling (dash-dotted line). Within the considered fragmentation scheme
the rapidity distribution of heavy hadron (ηc) is narrower than the distribution of heavy
quark/antiquark.
In Fig.7 we show rapidity distribution of ηc from different production mechanisms. The
upper solid line is the distribution of charm quarks/antiquarks. The lower solid line is the
distribution of ηc quarkonium from the color-singlet gluon-gluon fusion discussed recently
in [38]. The red dashed and green dash-dotted lines correspond to c → ηc + c¯ → ηc
for momentum and energy scaling, respectively. The blue dash-dotted line is for g → ηc
fragmentation for Λ = 1 GeV in the regularization form factor (2.9). This distribution is
much narrower than that for c→ ηc fragmentation. We observe a huge shift yg → yηc down.
The shift, specific for our fragmentation procedure, is demonstrated explicitly in Fig.8
for both c → ηc (left panel) and g → ηc (right panel). In both cases we observe a shift
down to smaller rapidity values. The shift is much bigger for gluon fragmentation than for
charm quark/antiquark fragmentation. There is much less correlation between yg and yηc
than for yc and yηc . It is not easy to observe the shift experimentally for ηc production as
both c/c¯ → ηc and the g → ηc contributions are very small compared to the color-singlet
9
FIG. 6: Rapidity distribution of ηc mesons in p p collisions for
√
s = 7 TeV for c→ ηc fragmentation.
This calculation was performed within collinear factorization method using the new fragmentation
method. The solid line is for momentum FF method and the dashed line is for energy FF method.
The GJR08 GDF was used to calculate c/c¯ distributions. Here Dc→ηc = δ(z − 0.5) and Pc→ηc =
10−3 were used for illustration.
fusion g∗g∗ → ηc contribution. The latter mechanism was found to be dominant mechanism
of ηc production [36–38].
C. Λc production
As another example we wish to discuss production of Λ±c in proton-proton collisions. The
relevant cross sections were measured both by the LHCb [34] and ALICE [33] collaborations
at the LHC. An enhanced production was observed by the ALICE collaboration. This could
not be understood in terms of c → Λ+c parton fragmentation [26]. In e+e− collisions at
the Z0 resonance the b → Λ+c fragmentation is an important ingredient [32]. We wish to
estimate here the b→ Λ+c fragmentation in the newly proposed fragmentation scheme.
In Fig.9 we show our results for both c → Λ+c and b → Λ+c fragmentation. In the left
panel we show rapidity distributions for
√
s = 7 TeV. The c → Λ+c contribution is shown
as black dashed line, while the b→ Λ+c contribution as the red solid line. The sum of them
is shown by the black solid line. One can observe an enhancement due to the b → Λ+c
contribution at midrapidities. The ratio:
RΛc(y) =
dσc+b
dy
dσc
dy
(3.1)
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FIG. 7: Rapidity distribution of ηc mesons in p p collisions for
√
s = 7 TeV for c→ ηc and g → ηc
fragmentation. This calculation was performed within collinear factorization method using new
fragmentation method. The solid line is for momentum FF method and the dashed line is for
energy FF method. The GJR08 GDF was used here for illustration. Here Dc→ηc = δ(z − 0.5) and
Dg→ηc = δ(z−0.2) were used for illustration and Pc→ηc = 10−3 and Pg→ηc = 10−5 were used based
on a more involved calculation [10].
FIG. 8: Left panel: (yc, yηc), right panel: (yg, yηc) for
√
s = 7 TeV.
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FIG. 9: Left panel: dσ/dy for Λc production, right panel: RΛc(y) for
√
s = 7 TeV.
is shown in the right panel. In this calculations we have taken Pc→Λc = 0.06 and Pb→Λc =
0.14 from [9] and the average values of z variable equal to 0.75 and 0.3, respectively. The
value of Pb→Λc seems rather upper limit in our opinion. Summary of branching fractions of
c and b quarks into charmed hadrons at LEP can be also found in [28]. We observe a strong
dependence of the ratio on rapidity. The relative contribution of b→ Λ+c is much bigger for
midrapidities (ALICE) than for forward regions (LHCb). In our opinion this contribution
cannot, however, totally explain the enhancement observed by the ALICE collaboration.
In Fig.10 we show distributions in transverse momentum of Λc and the corresponding
enhancement factor. The shape of both distributions is quite similar.
The b → D contributions are usually subtracted experimentally. However, the statistics
for Λ±c was rather small and the experimental subtraction was not possible [33]. Sometimes
the nonprompt contributions is subtracted using the code FONLL [5]. Of course the sub-
traction is model-dependent. The proposed here model of fragmentation leads to somewhat
different rapidity dependence than in the standard approach.
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FIG. 10: Left panel: dσ/dpt for Λ
±
c production, right panel: RΛc(pt) for
√
s = 7 TeV.
IV. CONCLUSIONS
In the present paper we have presented a new simple parton fragmentation procedure
to be applied in proton-proton collisions, more consistent with e+e− collisions than the one
commonly used in the literature. In this approach the parton-parton collision is the basis
for the hadronization. The transformation to parton-parton center-of-mass is performed
and the energy available in the partonic subsystem is checked. The proposed procedure
applies to light parton to heavy hadron fragmentation which is very relevant for production
of mesons or baryons containing at least one heavy quark (c or b).
In the present paper the calculations have been performed for leading-order collinear
approach based on 2 → 2 partonic subprocesses. This could be generalized to 2 → n
processes in a future.
Some examples have been presented for illustration. The procedure leads to a violation
of the commonly used rule that rapidity of the hadron is equal to rapidity of the parton
initiating the fragmentation. It has been shown that on average rapidity of the hadron is
smaller than rapidity of the parent parton. This is especially spectacular for gluon-to-hadron
fragmentation which leads to enhanced production of heavy hadrons at midrapidities.
As an illustrative example we have considered c → ηc and g → ηc fragmentations. We
have also shown how rapidities of ηc are correlated with rapidities of partons (c or g in this
case). This leads to somewhat enhanced production of Λc with respect to D mesons at
midrapidities.
We have discussed also production of Λ+c via c → Λ+c and b → Λ+c fragmentation and
found that the new procedure would lead to enhanced production of Λ±c at midrapidity. This
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kinematical effect may explain partly an enhancement observed by the ALICE collaboration
[33].
The proposed procedure may have also consequences for high-energy neutrino production
in the Earth’s atmosphere as measured e.g. by the Ice-Cube collaboration at the South Pole.
The dominant mechanism is then semileptonic decays of forward produced D mesons. The
distribution of forward produced D mesons is then of crucial importance. This will be
discussed elsewhere.
So far we have discussed only leading-order gg → cc¯ processes. In our opinion the
procedure can be generalized to higher orders including gg → cc¯g or even 2→ 4 subprocess
such as gg → cc¯gg or gg → cc¯qq¯. In those cases one should go to the cc¯g or cc¯gg center of
mass systems. In such systems hadrons can be emitted in the direction of c or c¯ and the
energy necessary for a production of heavy hadron must be checked. Final transformation to
the overall center-of-mass system must be done next to prepare final distributions in rapidity
and transverse momentum. This should be (will be) done in future.
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